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NOTICE

The contents of this report reflect the views of the Office of Materials
Engineering and Testing Services which is responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily reflect
the official views or policies of the State of California or the Federal Highway
Administration. This report does not constitute a standard, specification, or

regulation.

Neither the State of California nor the United States Government endorse
products or manufacturers. Trade or manufacturers’ names appear herein

only because they are considered essential to the object of this document.
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INTRODUCTION

In the late 60’s and early 70’s, the blending of ground tire rubber and paving
asphalt yielded patented binders which were reported to improve performance

relative to standard paving asphalts.

Béginning in the mid 70’s, the California Department of Transportation
(Caltrans) began the trial use of these blended materials, referred to as asphalt-
rubber binders in this report, to evaluate these claims. The initial uses were in
chip seals or so called stress absorbing membranes (SAM) and in stress
absorbing membrane interlayers (SAMI) where the chip seal is covered with a
layer of asphalt concrete pavement. Caltrans experience with asphalt-rubber
binders in SAMI applications has led to its non-experimental use in overlays of
distressed asphalt concrete pavements. The specifications used for the
asphalt-rubber binders were recipes recommended by the manufacturers.
Because these binders are non-homogeneous, they confound characterization
by typical paving asphalt specification tests such as penetration (AASHTO
T-49) and absolute viscosity (AASHTO T-202).

Subsequent use of these binders has also been in dense-graded asphalt
cbncrete and recently in gap-graded asphalt concrete. Caltrans designation for
these ‘types of pavements has been established as asphalt-rubber hot mix-

dense graded (ARHM-DG) and asphalt-rubber hot mix-gap graded (ARHM-GG).

The performance of the projects incorpdrating these binders has been
inconsistent (1). In asphalt-rubber dense-graded and gap-graded overlay
projects, the time at which the reflection of thermal and/or fatigue cracking
has been observed has ranged from less than one year to nine years. Thus, it
appeared that a method was needed to provide an understanding of the

physical properties that were contributing to the desirable performance and to
1
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quantify these properties for specification purposes. Similarly driven processes

have resulted in specifications for standard paving asphalts and modified
asphalts that are based on need to prevent premature fatigue cracking, rutting,

and thermal cracking, and the effect of climate and aging on each. If should be

k in _mind th inder pr i n_ont reli p_for pavemen
rform: h nt that th ntri hi rform A
T rii mix formuylation n nstr ion practi T v

im fr ntly overri inder pr i

Through the use of a dyniamic shear rheometer (DSR), an understanding of the
beneficial visco-elastic properties of binders is developing via a comparison with
performance data. Thus, it was proposed to use the analytical capabilities of
the DSR for comparing the asphalt-rubber binder properties with project
perforiné.nce data to determine if a specification could be developed for this
binder. A Rheo‘inetrics RAA was obtained with funding from the California
Integrated Waste Management Board and an FHWA Type-B research project
was developed for conducting the research. The RAA was selected because the
sample geometrg‘r of the combined meits and solids (CMS) fixture facilitates the
testing of non-homogeneous asphalt-rubber binders. A discussion of asphalt
rheology and the principles of dynamic mechanical analysis is presented in

Appendix A.
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‘APPROACH

Rheological analysis of standard paving asphalts and modified asphalts relative
to pavement performance data has yielded parameters that are suitable for
specification purposes for key performance criteria {2, 3). Climatic factors
reflected in testing temperature and accelerated aging conditions are contained
in the perforrnance based asphalt {PBA) grading system (4} and the Strategic
Highway Research Program (SHRP) asphalt specification (5). Thus, the
approach chosen was to use these parameters and conditions to characterize
the asphalt-rubber binders from ARHM-DG and ARHM-GG projects placed by
Caltrans, then to compare these properties with performance data to determine
the potential of rheological specifications for asphalt-rubber binders for hot

mix. Project information and locations are shown below.

Year Contract
Project Placed Location Number
Ravendale 1983 |02-LAS-395-92.0/101.4 02-189504
Fenner 1987 | 08-SBd-40-80.4/140.0 08-006714
Tulelake 1991 = | 02-MOD-139-41.1/50.7 02-251804
Round Valley 1991 | 09-INY-395-125.3/127.7 09-251504
Newberry Springs 1992 |08-SBd-40-15.0/31.0 08-305104
Wasco 1992 | 06-KER-46-49.8/50.9 06-312104
pa Tulelake
Ravendale
- Round Valley
Wasco
Newberry Springs
Fenner
3
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The 'biﬁder analjrgéis was based on testiﬂg job samples only, testing lab blends
from project recipes only, and testing both job samples and lab blends.

Supporting studies of formulation variables were also conducted.

The analysis of thg hot mix projects will be presented by performance criteria
with an introduction in each section to show the correlation of the
measurement technique with performance data from projects using standard

paving asphalts and polymer modified asphalts.

PERFORMANCE PROPERTIES ANALYSIS
Fatigue Cracking

A binder property that has been correlated with fatigue cracking is the shear
susceptibility at 25° C [2) There are two shear suséeptibility parameters. The
shear susceptibility of viscosity (SSV) is calculated as:

_logn (10 rad / sec) — log 1 (1 rad / sec)

Ssv
log 10 rad /sec —log 1 rad /sec

- The shear susceptibility of the phase angle delta (SSDj} is calculated as:

SSD = 8 (10 rad/sec) —3 (1 rad/sec)
log 10 rad/sec — log 1 rad/sec

The format for using these two parameters to understand a binders
contribution to fatigué life is presented in Figure 1. The grid lines were
éstablished in the analysis of standard and modified binders in conjunction
with beam fati;~ - life studies and the fatigue life of pavement test sections.
The negatively sioped straight line is suggested as a line of risk for fatigue
cracking based on the field data. Initial binder properties start on the right

4
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side of the line and shift to the left in some manner due to aging. Standard
| asphalts and polymer modified binders from pavements that exhibit fatigue
cracking (2) have had shear susceptibility parameters which placed them on

the left .side of the line as shown in the figure below.

Data Related to Aging and Fatigue Cracking

5 T a NOGRACKING
3 4 g CRACKING
14 A
-1+
3 <4
a2 T
8-7 + Hm
9 4am 4 A
11 1
13 4
A5 : : ; i
06 -0.5 0.2 0.1 0

Thus, in the interest of fatigue, one should only need to determine the
parameters SSD and SSV on a laboratory sample aged to approximate the
climatic effect over the design life and see if these values stay to the right of the
line of risk. This evaluation was done for the six projects even though some of
the newer projects haven't been in place long enough to have experienced such
aging. These parameters were also helpful in understanding the independent
contributions of base asphalt and high molecular weight polymer to fatigue
life (2). Since asphalt-rubber binders may contain up to four ingredients, the
shear susceptibility parameters were determined on various combinations of

ingredients and aging conditions.
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Ravendale

Several test sections using ground tire rubber were constructed in 1983 on
Route 395 near Ravendale (6). No samples of the blended asphalt-rubber
binder (ARB) used during construction were available. However, a sample of
the blended ground rubber was available. Project records indicate the formula

of the asphalt-rubber binder was:

78% Huntway AR-4000

18%  Ground tire rubber {80% Genstar G-274 and 20% Ramflex
[devulcanized])

4% Extender oil (Califlux GP)
This blend was reacted for 45 minutes at 177° C (350° F)

An AR-4000 from Huntway that had the same properties as those indicated by
the project quality control records was located. A sample of Califlux GP was
provided by Witco Chemical. The ingredients were combined per the job
formula and reacted for 45 minutes at 177° C. Portions of this blend were aged
in the Rolling Thin Film Oven (AASHTO T-240) and then the Pressure Aging
Vessel for 20 hours at 90° C (AASHTO PP-1). The shear susceptibility
parameters were determined at 25° C for these materials, as well as the original
AR-4000, a blend of the original AR-4000 (78 grams) and the extender oil
(4 grams), binder recovered (California Test 380} from a six-year core of
ARHM-DG, and binder recovered from a 6-year core of the control (conventional
dense-graded AC containing AR-4000). These data points are plotted in
Figure 2
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There are several observations and questions that arise from this data:

_1)

2)

3)

4)

5)

The 90° C conditioning used for the ARB is consistent with the aging
experienced by the control AR-4000 in six years (i.e., both have moved

just to the right of the “line of risk”).

The binder recovered from the six year ARHM-DG core appears to have

experienced less aging than the control AR-4000.

The recovery process removed the majority of the high molecular weight

elastic structure from the ARB.

The shift due to aging is similar to that observed for polymer modified
asphalts, both field and laboratory aged (2).

As high molecular weight elastic structure was added to the base asphalt
and extender oil, the appropriate “vertical” response is observed, but also
observed is a “horizontal” shift. This could mean that the contour lines
are different for ARB or that during the reaction process some of the
extender oil contained in the ground rubber (7) is diffusing into the base

asphalt.

To explore these possibilities, a sample of the ground tire rubber from the

project was subjected to the routine asphalt recovery process using

tricholoroethylene (TCE) to remove any extender oil in the rubber. Rough

quantitative analysis indicated about 15 percent of the rubber mass was

removed in this process. The ground tire rubber was then dried of solvent and

used in making a job formula ARB. A portion of this blend was aged in the PAV

@ 90° C. The shear susceptibility parameters were determined for the original

blend using the “dry” rubber and the PAV residue. These data points are

plotted in Figure 3.
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The following observations are made:

1) The difference in “horizontal” shift within the “vertical” grid lines
(compare DP-1 to DP-2) indicates that there is some diffusion of rubber

based extender oil into the asphalt during the reaction process.

Note: In the data point identification system used in several of the

figures, only the numeral is used.
2) The “vertical” shift indicates that the grid lines are appropriate.

3) The drying process appears to have been severe enocugh to effect the
properties of the rubber (compare DP-2 vs. DP-3). The drying was

accomplished in a 150° C forced draft oven for about 2 hours.

4) The lack of rubber-based extender oil was detrimental to the fatigue
properties with age (DP-4 vs. DP-5). Note that the PAV residue of DP-4

has shifted across the line of risk for fatigue cracking.

The observation of oil extraction from the ground rubber in the solvent recovery
process raises a question regarding the appropriateness of recovering ARB from
field cores to analyze binder properties. To pursue this, the residue from the
PAV conditioning at 90° C of the job blend (DP-5) was subjected to a mini-
recovery process using TCE, rubber screening with a filter paper on a
400 mesh sieve, and thin film drying at about 120° C. The shear susceptibility

parameters of this residue (DP-6) are plotted in Figure 4.

11

www . fastio.com


http://www.fastio.com/

AysoasiA jo Aynandoeosns Jeays

10- 2'0- £'0- °0- G0 9°0-
| i | | "
BHO
N0 IX3 + u 1
000p-HY
8 + . " —t—
DIHO ‘HLD AHQ 38 <
omoguy ™

AHIA0DIH - TTVANIAVH LY OC-WHUY
¥ 3UNOK

Gi-

gi-

bL-

elieq jo Anpqndeosng Jeays

12

WAV Fastio.com

lIbPDF -

C


http://www.fastio.com/

ClibhPDF -

The following observations are made:

1) The separation of high molecular weight elastic structure is noticeably
less efficient when the centrifuge step is left out of the recovery process.

Compare the “vertical” component of DP-6 to DP-7.

2) Even after a significant aging' period, the state of the extender oil still in
the ground rubber and the removal efficiency of the solvent recovery
process will lead to artificially softened properties if ARB is recovered
using TCE. It is suspected that other solvents for asphalt would yield the

same results.

Therefore, it appears that the data point (DP-5) indicated for the PAV residue at
90° C for the Ravendale ARB is a more appropriate characterization of the
shear susceptibility of the binder after six years than that plotted for the binder

recovered from the core (DP-7).

The performance data from these sections indicated that both the 150 mm
control section and the 75 mm ARHM-DG/SAMI section were just beginning to

show fatigue cracking after six years.

Fenner 7

Two half-mile test sections of ARHM-DG were placed within an overlay project
in the desert on Interstate 40 in 1987. The project DGAC with AR-4000 was
placed 90 mm thick. The ARHM-DG sections were placed in thicknesses of
60 mm and 90 mm. Neither included a SAMI. There was a job sample of the
ARB available, but none of the original ingredients. The formulation was
reported as Edgington AR-4000 (84%) and Altos 1710 (16%). A sample of
Edgington AR-4000 from 1988 was available and Altos supplied a sample of
their 1710 ground tire rubber. These were blended for 45 minutes at 177° C.

13
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Both the job sample afid the lab blend of ARB were aged in the PAV at 110° C

to approximate in-service aging. Another portion of the job sample was also

aged in the Tilt Oven for 3 days at 1 13° C to approximate in-service aging using

this equivalent procedure (2). The shear susceptibility parameters were

determined for the base asphalt and the original and aged residues of both

ARBs. These data are plotted in Figure 5.

The following observations are made:

2)

3)

4)

5)

6)

The job sample {DP-1) appears to contain more than 16 percent rubber

(DP-2). Compare the vertical component of the DP-1 to DP-2.

A “horizontal” shift due to rubber-based extender oil diffusion is seen in

both blends, but to a lesser d_egree in the lab blend.

The shift due to aging is similar but the lab blend (DP-3), with what
appears to be a lesser amount of rubber-based extender oil, aged more;

i.e., DP-3 is to the left of DP-4 and DP-5.

All of the aged residues are to the left of the line of risk for fatigue
cracking.

The PAV conditioning at 110° C for 20 hours (DP-4) and the Tilt-Oven
exposure at 113° C for 3 days (DP-5) yielded residues aged to the same

degree for rheological characterization.

The binder recovered from the six-year core of ARHM-DG appears to have

aged less than expected per the PAV simulation for the desert climate.

14
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Similar to the component evaluations performed on the Ravendale project,

additional evaluations were conducted on the components on the Fenner

project. The ground rubber was subjected to TCE and the rubber-based

extender oil was recovered. In this case, the rubber was dried for a few days
under a hood and then for about 1 hour at 113°C. A blend was made
containing 16 percent of the “dry” rubber, and a portion of this was conditioned
in the PAV at 110° C. The TCE was distilled off of the rubber-based extender

oil and a blend was made containing 3 percent of this oil and 97 percent

- AR-4000. A portion of this blend and the neat AR-4000 were aged in the PAV

at 110° C. Also, this lab blend of the ARB that had been aged in the PAV was
subjected to an inefficient solvent recovery process to simulate the binder
recovered from a field core. The term “inefficient” is used here because after
each 10-15 minute exposure to fresh TCE, the freed rubber was decanted along
with the solution onto the filter paper. (The decanting step should have
included a screen so that all of the ground rubber was exposed to each solvent
dissolution period.] As before, the recovered binder was dried in thin films at
about 120° C. The shéar susceptibility parameters were determined for the

binders above. The data are plotted in Figure 6 with the following observations:

16
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1_) .

2)

3)

4)

The orlglnal ‘prb;ierty of thé ARB using the “dry” 1710 (DP-1) supports
the hypothesis of diffusion of rubber-based extender oil during reaction
(compare the horizontal proximity of DP-1 to DP-2). The ground rubber
apparently still contained some rubber-based extender oil as indicated by

the horizontal component of DP-1 in comparison with that of DP-3.

The amount of rubber-based extender oil that had been removed from
the ground rubber is apparent in the PAV aged residue in the
concomitant shift to the left. Compare the horizontal components of

DP-4 and DP-5.

The hypothésis of rubber-based extender oil diffusion into the asphalt
during reaction is further supported by the comparison of the distance to

left of the line of risk for the pair of PAV residues of the AR-4000

containing 3 pércent rubber-based extender oil (DP-6) and the lab
blended ARB (DP-5), with the two “dry” PAV residues of the neat AR-4000
(DP-7) and the ARB using the “dry” ground tire rubber (DP-4).

The binders with the greater amount of rubber-based extender oil,
whether added directly to the AR-4000 or diffused into the AR-4000 from
the rubber, are farther to the right than those without.

The properties of the binder recovered (DP-8) from the PAV residue of the
ARB also indicate the inappropriateness of recovering binder from

pavement cores containing ground tire rubber.

In terms of field performancé, the 60 mm ARHM-DG exhibited fatigue cracking

after one year as well as the control AR-4000 at 90 mm. This suggests that the

structural section was under designed. The 90 mm ARHM-DG exhibited

www . fastio.com
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~ fatigue cracking at about four years of age, which would be consistent with the

properties of the residue from the PAV.
Tulelake

In 1991, a project was constructed on Route 139 in Modoc County. This
Jocation has a similar climate to Ravendale and shares another similarity in
that several sections were placed with varying materials and structural
sections. However, the pavement surface deflections prior to and after
construction were considerably higher than those measured at Ravendale.
From this project, samples were available of the job ARB and the ingredients.
Thus, a blend was made containing 83 percent Witco PBA-2 and 17 percent
Atlos 1900. Samples of these two binders were aged under various conditions
and the shear susceptibility parameters determined. The data are plotted in

Figure 7 with the following observations:

1) The original properties of the job sample and the lab blend compare

favorably.

2) The Tilt-Oven Residue (TOR) after 18 hours at 113° C (with an RTF
preconditioning} agrees favorably with the PAV residue at 90° C.

3) This binder should have good fatigue life even in a desert climate.
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Fatigue cracking appeared in all of the ARB sections within three years. Coring
indicates that the sections were built to design. However, dynaflect
measurements indicate that the sections have been experiencing deflections far
in excess of those on comparable sections at Ravendale. Therefore, the distress

is due to a design consideration rather than a binder consideration.
Round Valley

This project using ARHM-GG was constructed in 1991 on Route 395 a few
miles north of Bishop. The project consisted of several test sections 120 mm
thick placed after milling 120 mm of DGAC from the original section of 150 mm
AC. In the ARHM section, only 60 mm was milled and 60 mm ARHM-GG was
then placed over a SAMI. Only a job sample of the ARB was analyzed. The

data are presented in Figure 8 with the following observation:

1) The original binder has properties similar to those measured for the
other projects reported herein, but upon aging with only the rolling thin
film oven, there is a dramatically different horizontal shift to the left.

This shift crosses the line of risk for fatigue cracking.

The ARHM-GG section on this project fatigue cracked in less than one year.
The conclusion based on Figure 8 suggest that the ingredients used in the
recipe resulted in an ARB that, upon relatively little aging, didn't have adequate
internal compatibility.

21
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{
Newberry Springs
This project was constructed in 1992 on Interstate 40 in the desert. There
were several different materials and structural sections placed. Only the job

sample of the ARB and the base AR-4000 used to make the binder were

analyzed as presented in Figure 9. The observations from the data are:

1) The base asphalt is different from that used on the other projects
studied. The shear susceptibility parameters suggest that the asphalt

came from a California coastal crude source (2).

2) The aging of the ARB has the same horizontal shift to the left as that

seen for the sample from the Round Valley project.

3) The location of the PAV residue relative to the line of risk suggests

premature failure of the test sections containing this binder.

As of three years, there are reports of fatigue cracking on this project.
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Waéco

On this project, constructed in 1992, ARHM-GG was used in the entire overlay.
From this project, the base AR-4000 and two differing samples of ARB were
tested. The difference in ARB occurred because the manufacturer requested
permission to use binder held-over for a longer period than allowed in the

specifications. The contention was that this wouldn’t harm the binder if the

. temperature was reduced to 120° C for the proposed 3 day hold-over period. It

was agreed to allow this as long as the ARB was kept separate and its
placement was recorded for long-term performance evaluation. Most of this
occurred; however, the manufacturer blended in an additional 4 percent total
rubber and then combined freshly blended binder, at a ratio of 1:4, with the

reconstituted extended storage binder.

The rheological analysis of the original base, normal job binder, extended
storage binder, and the aged residues of each was conducted and the data are

shown in Figure 10 with the following observations:
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)

2)
3)

4)

S)

The routine job Sarnpfe is uncharacteristically shifted to the left on the
contours of increasing high molecular weight elastic structure.

The extended storage sample shows more of the expected relationship.
After aging, all of the binders are to the left of the line of risk.

The aged residue of the routine ARB is in the expected location relative to
the aged residue of the base AR-4000 (due to diffused rubber-based
extender oil contribution).

The aged residue of the extended storage ARB is shifted significantly to

- the left of the routine material.

Between the second and third year, fatigue cracking appeared on this project.

Summary Regarding Fatigue Properties

As shown in the figure below a "line of risk” applied to the shear susceptibility

parameters can be used to estimate the binder contribution to premature

fatigue cracking of the pavement.

SSD

PROPERTIES AND PERFORMANCE OF ASPHALT-RUBBER BINDERS

www . fastio.com

A NO CRACKING
. W CRACKING .
-0.2 -0.1 0
ssv
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Conclusions Regarding Fatigue Properties —
Asphalt-Rubber Binder in ARHM-DG and ARHM- GG

The shear susceptibility parameters are useful for understanding the
multi-component binders obtained by blending paving asphalt, extender

oil, and ground tire rubber.
The same recipe doesn’t necessarily yield the same binder properties.

The “line of risk for fatigue cracking” is useful for differentiating between
binders associated with acceptable pavement performance and those

associated with unacceptable pavement performance.

Extended storage can adversely effect binder properties.

Recommendations Regarding Fatigue Properties —
Asphalt-Rubber Binder in ARHM-DG and ARHM- GG

The shear susceptibility parameters at 25° C of the residue from the
climatically appropriate aging condition (either PAV or TOR) should be to
the right of the “line of risk for fatigue cracking”, described mathematically

as:

SSD 2-115 (SSV) - 50.6

The times and temperatures currently being used for asphalt-rubber
binder production should continue to be used while the manufacturers
evaluate the effect that these variables will have on their ability to meet the

fatigue performance criteria described above.
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Thermal Cracking

The DSR can be used to obtain the low temperature properties of binders that
strongly influence the thermal cracking resistance of the pavement (3). To
accomplish this, a frequency sweep of 1 to 100 radians per second is run at the
temperature at which G* is about 4 E+07 Pa at 1 radian per second. This
temperature was -5° C for the Ravendale and Tulelake binders. A plot is then
made of log G* vs. log time(seconds), where time = 1/frequency(w). The
m-value is the slope of the curve at the stiffness value of interest. The current
values being recommended are a maximum 2 hour creep stiffness of 300 MPa
{equivalent dynamic stiffness is 100 MPa) and a minimum m-value of 0.30.
Dynamic stiffness measurement temperatures are converted to creep stiffness
{2-hir. loading) temperature by calculating : 5 » log(7200 * w) and subtracting
this value from the measurement temperature (3). As shown in the figure
below, data from Caltrans projects (8}, with standard and polymer modified

asphalts, supports these limiting values.

Performance Data on Thermal Cracking
1000 + a
900 4 NO CRACKING
u B CRACKING
800 +
® 700+
%
= 600 [ |
o 5004
@ |
£ 400 4 -
= 300 4
7]
200 4 A
100 + A A
0 } } : } }
0 0.1 0.2 0.3 0.4 0.5
m- value
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" At i?é.vendale the mmunum teﬁ;j;)érature in the sécdnd year was -32° C, (which
did not result in any thermal cracking) so the stiffness and m-value were
determined on the RTF residue for this exposure. During the sixth winter, the
minimum temperature was -37° C. This exposure did result in thermal
cracking. The properties were determined for this occurrence by testing the
residue from PAV aging at 90° C. At Tulelake, the second winter (of -26° C) did
not cause any thermal cracking. The properties of the RTF residue were
determined for this exposure. The properties of these binders were also
investigated using a Bending Beam Rheometer(BBR). However, the preparation
of the thin beams required additional attention due to the relatively high
viscosity asphait-rubber binders. At 190° C, the binders are significantly more
viscous than 30 wt.. oil (per AASHTO TP-1), so rodding the binder in the mold

and reheating was necessary to obtain beams without visible air bubbles.

The properties and performance data for Ravendale and Tulelake are shown in

Figure 11.
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\Notice that the two test methods yield essentially the same values. It is

“observed that the proposed SHRP values are conservative based on this data.

It is on this basis that these values are being proposed for initial use in an
asphalt-rubber binder specification.
Conclusions and Recommendations Regarding

Thermal Cracking Properties — Asphalt-Rubber Binder
in ARHM-DG and ARHM-GG

* The properties of creep stiffness and m-value determined by rheological

analysis correlate with transverse cracking.

. To obtain the desired thermal cracking resistance, determine the m-value
and stiffness of the aged residue (either PAV or TOR) appropriate for the

- climate using either rheometer.

. The minimum m-value should be 0.30.

*  The maximum creep stiffness should be 300 MPa.
Rutting Resistance

To determine the contribution of a binder to rutting resistance, G* and delta
are measured at the highest expected pavement temperature {2). These
properties are most important right after construction. Therefore, the RTF
residue is tested. However, it needs to be understood that in the case of
pavement stability, the properties of the binder should be minor relative to
binder content, compaction, aggregate gradation, aggregate shape and moisture

sensitivity of the mix.

The binder properties and pavement performance of projects {2) with standard

and polymer modified asphalts are shown in the figure below.
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Standard and Polymer Modified Asphalts at High Temperature

90 -
85 -
80 4
75 -
70 -
65 A
60 -
55 -

Phase Angle

50

limiting phase angle (max}

A NO RUTTING

g RUTTING G*/sin delta = 2.2 kPa (min)

1.00E+02 1.00E+03 1.00E+04

The "limiting phase angle” maximum was proposed in reference 2 as an
indication of a binders potential to contribute to pavement stability. Binders
with a large elastic component (smaller phase angle) provide additional
resistance to permanent displacement. In reference 5, a minimum of 2.2 kPa
is proposed for the value of G*/ 'sin delta.
approaches always correctly predict the development of rutting. As mentioned

above, this is because rutting is governed more by the net mix properties than

G* (Pa)

by binder properties.

While keeping this in mind, the asphalt—rubber binder properties and pavement

performance data are presented in Figure 12.

www . fastio.com
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Note the large éiastic component of the asphalt-rubber bihders relative to those
of the standard and polymer modified asphalts shown in the previous figure.
Note again that the high temperature binder properties don't always correlate
with rutting resistance. This suggests that pre-job decisions on the ability of a
pavement to resist rutting shouid come from a performance based mix test
only. The high temperature binder properties are still of interest, but maybe
only for flagging projects that should receive extra scrutiny regarding the mix.
There is evidence (9,10) that some asphait-rubber blends can have the same
properties as standard paving asphalts at 65° C to 70° C {phase angles > 85°).
Since there isn't any performance data on such binders, and the experience to
date has been with binders having a large elastic component, a limiting phase
angle equation should be used until there is evidence that justifies expansion

of the envelope.

Conclusions Regarding Rutting Resistance Properties —
Asphalt-Rubber Binder for ARHM-DG and ARHM-GG

* G* and phase angle are not, by themselves, performance based properties

sufficient to preclude rutting.

« The contribution to rutting resistance of high-modulus low-phase angle

asphalt-rubber binders is desirable.

Recommendation Regarding Rutting Resistance Properties —
Asphalt-Rubber in ARHM-DG and ARHM-GG

The limiting phase angle line, described mathematically as:
Phase Angle (maximum) = 90 - 6 * log G* should be used as the specification
limit for the RTF residue measured at the highest expected pavement

temperature at a frequency of 10 radians per second.
35
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FORMULATION VARIABLES ANALYSIS
Studies were conducted using the shear susceptibility parameters at 25° C to
examine the effect of the following:
A) Rubber content, from 5 percent to 25 percent of the total binder.
B) ~ Reaction time, from 5 minutes to 45 minutes.
The materials used in these studies consisted of a Paramount AR-4000 paving

asphalt, Atlos 1103 ground tire rubber, and Atlos C-112 ground natural

rubber.
Rubber Content’

Blends were made of 5, 10, 15, 20, and 25 percent rubber by total weight. The
total rubber was a blend of 80 percent 1710 and 20 percent C-112. Each
blend was reacted for 45 minutes at 190° C {* 10° C). The original binders and
the PAV residues (30° C) were tested and the data are displayed in Figure 13.
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The observations are’

1)

2)

3)

4)

5)

6)

The normal rubber content (20 to 23 percent) results in a binder property

above the line through SSD = 0,

As the rubber content is increased to 20 percent, the shift to the right is

evident from the extender oil diffusion seen earlier.

Up to 20 percent the nét change in binder property appears linear with

respect to increasing rubber content.

Up to 20 percent the aged binder properties roughly parallel the line of

risk.

At 25 percent, the susceptibility of the phase angle to shear rate changes

dramatically. This change is directly toward the line of risk for fatigue
cracking, - |

The shift seen at 25 percent rubber on original binder properties carried
over directly in the aged residue properties. Note that 20 percent appears

to be a good choice relative to the line of risk.

While this analysis of shear susceptibility data yields an observation of ground

tire rubber based extender oil diffusing into the asphalt, the effect normally

reported (9) during “reaction” is not apparent. The reported swelling of the

rubber particles due to diffusion of the lower molecular weight asphalt

constituents during reaction should produce a stiffer binder. Thus, the G* vs.

phase angle values at one frequency (10 rad/sec) were reviewed for stiffness

trends within the variable rubber content data set. As shown in Figure 14, an

increase in stifiness is apparent at the lower rubber contents. However, at the

higher rubber contents, the binders are softer than the base asphalt.
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‘Therefore, it appears that there are opposing diffusion paths during the
“reaction” process. It also appears that in the normal range of rubber contents
being used (i.e., about 20 percent)}, the net binder modulus is softer due to the

diffusion of rubber-based extender oil into the base asphalt.
Reaction Time

~ Several of the previous experiments have shown rubber-based extender oil
diffusion by altering the ingredient concentrations. Diffusion is also time
dependent. Therefore, a blend was made of the above ingredients at 20 percent
rubber with samples removed from the blending vessel at 5, 10, 15, 30, and
43 minutes. SSD and SSV were determined for each of these and plotted in

Figure 15, yielding the following comments:
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- 1) " The shift from left to riéht due to a softer base asphalt being created by

the diffusic_)n of the extender oil is clear.

2) It appears that the 5 minute initial blending period was too long to
capture just the property change due to the addition of the high

molecular weight elastic structure.
3) The majority of the diffusion occurred in the first 10 minutes.

4) During the reaction period there was a small but obvious increase in the

high molecular weight elastic structure.

The changes in G* vs. time at 10 radians per second were aiso reviewed from
this data set. As shown in Figure 16, a decrease in modulus is observed,
further supporting the hypothesis of extender oil diffusion from the ground tire

rubber.
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CONCLUSIONS
The physical properties of an asphalt-rubber binder can be characterized

by using a dynamic shear rheometer with an appropriate sample geometry.

The rheological properties studied can properly characterize the binder

related pavement performance criteria at low and medium temperatures.

The rheological properties studied at high temperatures are useful, but by

themselves should not be the basis for decisions on rutting resistance.

Tire-based ei:tender oil diffuses into the base asphalt during the reaction

process.

Solvent recovery of asphalt-rubber binder yields material that
misrepresents the binder properties in the pé.vement from which it was
taken. Therefore, asphalt-rubber binders should not be recovered in this

manner for the purposes of studying aging or performing a recycle design.

The risk of not obtaining the desired asphalt-rubber binder properties is
greater with the current recipe specification than with a physical
property specification based on testing with a DSR. Compliance with the
recipé specification provides no assurance that the binder has the
necessary resistance to cold temperature cracking. Similarly, it is also
risky to place recipe binder in the desert without determining the aging
characteristics. The risk of proceeding with a physical property
specification is only that the limiting value might need fine tuning based
on performance data that may be available several years from now. This is

why initial use of the new specification should begin as soon as possible.
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RECOMMENDATIONS

« The rheology-based specifications shown on Page 46 should be tried on

several projects, particularly those located in severe climate areas.

* The rheological properties of the binders used on several asphalt concrete
projects should be measured. This should include projects on which
asphalt-rubber recipe specifications are used as well as projects that do
not include asphalt rubber. The performance of all these pavements

should then be documented.
IMPLEMENTATION

« The Caltrans Office Engineer will be asked to create a Standard Special
Provision containing the asphalt-rubber binder specifications shown on

Page 46.

* The Office of Materials Engineering and Testing Services will work with the
asphalt-rubber producers regarding approval to supply these materials to
Caltrans projects by Celjtiﬁcate of Compliance.

* The Districts will be asked to include the new specifications in several

upcoming projects with emphasis on jobs in severe climate locations.

» The Office of Materials Engineering and Testing Services will document the
performance of pavements for which the rheological properties of the

. binder are measured.
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APPENDIX A

This material is reprinted with permission of the author.

. RHEOLOGY OF ASPHALTS

by
JOSEPH L. GOODRICH
~ September 8, 1991

The following is excerpted and edited from:

“Asphalt and Polymer Modified Asphalt Properties Related to the Performance
of Asphalt Concrete Mixes,” J. L. Goodrich, Annual Meeting of the Association
of the Asphalt Paving Technologists, 1988.
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Asphalt Rheology:

Classic theory defines an elastic solid (e.g., a spring) as a material which
exhibits stress in proportion to the strain, but not in proportion to the
rate of strain. On the other extreme are perfectly viscous (Newtonian)
fluids which exhibit stress in proportion to the rate of strain but not to
the amount of strain.

A viscoelastic material, such as asphalt, exhibits both viscous and elastic
behavior and displays a time dependent relation between an applied

~ stress and the resultant strain. Within the linear viscoelastic region of an
asphalt, the interrelation of stress and strain is influenced by time zlone,
and not by the magnitude of the stress.

. Many researchers have established that within certain strain boimdaries,
asphalt and asphalt concrete are both linear viscoelastic materials.

When a viscoelastic liquid, such as asphalt, is forced to move some of the
input energy is lost to heat caused by the friction of viscous flow. At the
same time some of the input energy is stored and released like a spring
when then loading stops. This can be seen in a simple shear experiment
(i-e. cone and plate). When the applied load is removed from the rotating
cone, the spindle may return the stored energy by springing back slight-
ly. '

Dyndmic Mechanical Analysis:

In our dynamic experiments, sinusoidal shear strains were imposed on
asphalt samples. The samples of asphalt were placed between two paral-
Iel disks. When asphalt is cold and brittle, it may behave as a nearly
ideal solid: the stress will exactly follow the sinusoidal input strain. At
elevated temperatures, most conventional asphalts will approach ideal
liquid (Newtonian) behavior. In this case the maximum stress will occur
when the rate of strain is greatest. This occurs 90° out-of-phase with the
peak strain. Therefore, with ideal liquids the peak stress lags 90° behind
the peak input strain (Figure 1).

Between the ideal elastic solid behavior and the ideal viscous fluid re-
sponse are the viscoelastic materials, such as asphalt. Depending on the
temperature and strain frequency, the peak stress of viscoelastic materi-
als can lag anywhere from 0° to 90° behind the maximum applied strain
(Figure 2). The lag, or phase shift angle, is referred to as & (Figure 3).
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By varying the frequency of the input sinusoidal strain, the time-
dependent viscoelastic behavior of an asphalt can be easily measured.
That is, the balance between the viscous nature and the elastic nature of
an asphalt can be measured as a function of frequency or temperature.

If the dynamic testing is done using small strains (within the linear
viscoelastic region) the data obtained at higher and lower temperatures
can be equated simply and graphically with lower and higher frequen-
cies, respectively. Conversely data obtained at higher and lower frequen-
cy can be transposed into lower and higher temperatures, respectively.
This is according to the principle of superposition which has been ap-
plied to asphalt by many researchers, and to asphalt concrete.

This superposition principle represents a powerful and convenient tool
for evaluating dynamic loading data. An example of time (frequency)-
temperature superposition is Figures 5 and 6. Figure B shows the
actual data points obtained over a range of temperatures and a narrow
range of frequencies. By applying the superposition principle, each data
set obtained at a particular temperature can be shifted along the fre-
quency axis to form a smooth curve (Figure 6). The degree to which
succeeding curves must be shifted to form a smooth curve is referred to
as the shift factor (Figure 7), and is related to the temperature suscepti-
bility of the material.

Notice in Figure 6 that at very low frequencies the slope of the curve
approaches a 45° angle. This is the region of frequency (or temperature)
where the flow properties of the conventional asphalt exhibits Newtonian
behavior. Itis in this area that simple shear (e.g., cone and plate, sliding
plate) and dynamic tests have been found to coincide.

Rheological Parameters:

In dynamic mechanical analysis the peak stress, the peak strain and the
phase relationship between the stress and strain are measured. All of the
rheological parameters are determined from these data.

* The ratio of the peak stress to the peak strain is the absolute value of
the modulus. This is referred to as the complex shear modulus, |G'I,
and is named "G-star" (Figure 2):
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| l‘b‘l- = peak streés/peak strain Eq. 1

s The elastic, in-phase component of |G"| is called the ghear storage
modulus, or G’ (named "G-prime"}). The storage modulus equals the
stress in phase with the strain divided by the strain (Figure 3}, or:

G = 1G"l cos B Eq. 2

8 (or "delta") is the phase shift angle between the applied maximum
strain and the maximum stress.

¢ The viscous, out-of-phase component of 1G’|, is called the shear loss
modulus, or G" {(named "G-double prime"). G" represents the viscous
component of 1G’1. The loss modulus equals the stress 90° out of
phase with the strain divided by the strain (Figure 3), or

G"=I1G'| sind Eq. 3
Typical units for G|, G' and G" are Pascals (SI), dynes/cm? (cgs), or psi.
e The comp"lex dynamic shear viscosity, In°| (called "eta-star"), is

computed from the complex shear modulus and the strain frequency,
o (radians/sec) (Figure 2):

in"I'= 1G"1l / o (poise) Eq. 4

Dynamic mechanical analysis has been used to determine the moduli of
the binder and the relationship of the moduli to mix and pavement per-
formance. In this study it has been found that the ratio of the viscous to
the elastic moduli of an asphalt, referred to as the loss tangent, corre-
lates well with its performance in dense graded asphalt concrete mixes.

o The loss tangent is the ratio of energy lost to the energy stored in a
cyclic deformation (Figure 3):

Loss tangent = tan 3 = G"/G’ ' Eq. 5

Another way to visualize the relationship between the rheological param-
eters is seen in Figure 4. In the figure the elastic modulus (G) is plotted
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as a vector with a 0° phase angle; the viscous modulus (G") is plotted as
a vector with a 90° phase angle. The complex shear modulus (G* is the
vector sum of G’ and G". Thus G* is seen as a vector with a phase angle
equal to 8. Notice that the ratic G"/G’ is equal to the tangent of 5. Thus
the name "tan 8" is given to this ratio. To describe the rheological
properties of an asphalt the complex shear modulus, G* (or dynamic
shear viscosity) and tan 8 are both needed.

Rheological Pararmeters versus Asphalt Concrete Performance:

Particularly useful in defining the performance-related properties of
asphalt binders are:

Low Temperature Thermal Cracking:
a. the temperature at which the asphalt becomes glassy (a brittle
elastic solid) at a given frequency. This is defined by the peak in
the viscous modulus, G" (Figure 8).

Fatigue and Permanent Deformation:
a. the ratio of G" to G’ (that is the Loss Tangent) at a temperature of
interest, together with
b. the dynamic viscosity {that is "eta-star") at the temperature of
interest.

Alow loss tangent within a range of dynamic viscosity relates to re-
sistance to fatigue cracking and rutting, to the extent that a binder
can influence these mix performance properties.
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